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Classical Formalism
In the classical formalism it is assumed that bimolecular electron transfer occurs in a precursor complex in which the reactants are separated by the close-contact distance cr (16).
Under these conditions the activation-controlled rate constant is
given by the product of K^, the equilibrium constant for the formation of the precursor complex, and k^Ccr), the first-order rate constant for electron transfer within the precursor complex: 
Semi-classical Formalism
In the classical activated-complex formalism nuclear tunneling effects are neglected. In addition, the electron transfer is assumed to be adiabatic. These assumptions are relaxed in the semiclassical model.
The electron transfer process is characterized by the frequencies shown in Table II . Classically, the rate of electron transfer is determined by the rate of passage of the system over the barrier defined by the surfaces. In the semiclassical model (13) a nuclear tunneling factor that measures the increase in rate arising from quantum-mechanical tunneling through the barrier is included. In addition, the possibility that the electron transfer may not occur even when the nuclear configurations of the reactants are appropriate (for example, when the reactants are far apart or the electron transfer is spin forbidden) is allowed for by introducing an electronic transmission coefficient (.13). The rate constant for electron transfer within the semiclassical formalism is thus given by WO where < is the electronic transmission factor and F n is the nuclear tunneling factor. These factors are considered in turn.
Nuclear tunneling. Nuclear tunneling is important for a particular mode when hv > kT. Since vi n > v ou t nuclear tunneling will be more important for the inner-sphere than for the solvent modes. For the purposes of the present discussion we will assume that nuclear tunneling of the solvent nodes may be neglected, that is, we assume that it is necessary for the solvent to acquire the nuclear configuration appropriate to the top of the barrier (activated complex) as a prerequisite for electron transfer. This assumption is probably valid above 50 K. Because of nuclear tunneling it is not necessary for the inner-sphere to achieve the configuration of the activated complex; rather electron transfer may occur at any inner-sphere configuration.
This is illustrated in Figure 3 .
According to a recent model (JL3) nuclear tunneling factors for the inner-sphere modes can be defined by 
where E.£ n ~ 4AG£ n and E out ~ 4AG 0U f An equivalent approach (13) leads to the following expression for The dramatic increase in T n corresponds to the onset of the inverted free-energy region of the classical formalism (I).
Although nuclear tunneling will reduce the magnitude of the rate decreases predicted for the inverted region, substantial rate decreases are still expected. There is only meager experimental support for the predicted rate decreases and this area is currently receiving much attention 01,-35). Electronic Transmission Coefficient. The probability that the electron transfer will occur in the intersection region (in other words, the probability that the system will remain on the lower adiabatic surface on passing through the intersection region) is given by
where v e j, the frequency of electron transfer within the activated complex, is given by (16) (17) i 1000
The reason for the absence of the nuclear frequency from eq 17 is that the slowest process in a nonadiabatic reaction is, fay definition, the electron transfer; that is, \> e , « \> n for a nonadiabatic reaction.
The magnitude of the electronic interaction between the reactants is very important. If H^g is very small then the coupling of the initial and final states of the system will be very weak, the electron transfer will be slow, and the reaction will be nonadiabatic. The procedures used for estimating Hô r < include the following: For many purposes H^g may be approximated by (38, 39) H AB " H AB exp(-e'(r-a)) (19) where An important conclusion that can be drawn from the above discussion is that most outer-sphere electron transfer reactions of metal complexes are, at best, marginally adiabatic and that the reaction will rapidly become nonadiabatic with increasing separation of the reactants. In view of these considerations, eq 11 can be integrated to give the following expression:
Inspection of eq 20 shows that the effective 5r for a nonadiabatic reaction is 1/2S'. Thus for 6' • 1.7 A"*, or for a nonadiabatic reaction is ~ 1/5 that for an adiabatic reaction at comparable a.
We next reconsider the systems in Table I in the light of eq 20. The results of the calculations are presented in Table IV which includes the classical and experimental results. 
Conclusions
The above discussion shows that very good agreement of observed and calculated exchange rate constants can be obtained using the semiclassical formalism. This formalism allows for the different characteristic time scales (Table II) 
